We examine the turbulent boundary layers developing over convergent-divergent riblets (C-D riblets) with three different heights (h + = 8, 14 and 20) at Re θ = 723 using particle image velocimetry. It is observed that although a logarithmic region presents in the velocity profiles over the converging and diverging line, Townsend's outer-layer similarity hypothesis is invalid. Compared to the smooth-wall case, C-D riblets with a height of 2.4% of the smooth-wall boundary layer thickness can cause a significant increase in the turbulence production activities over the converging region, as evidenced by a more than 50% increase in the turbulent shear stress and in the population of prograde and retrograde spanwise vortices. In contrast, the impact of riblets on the diverging region is much smaller.
The slope of vortex packets becomes steeper and they are more streamwise stretched in the outer layer over the diverging region, whereas their shape and orientation is less affected over the converging region. Furthermore, the number of uniform momentum zones across the boundary layer increases over the converging region, causing a reduction in the thickness of uniform momentum zones in the outer part of the boundary layer. Overall, while an increased riblet height affects a large portion of the boundary layer away from the wall over the converging region, the impact on the diverging region is largely confined within the near-wall region. Such distinct differences in the response of the boundary layer over the diverging and converging region is attributed to the opposite local secondary flow motion induced by C-D riblets. 
I. INTRODUCTION
Convergent-divergent riblets (C-D riblets) are composed of a spanwise array of sections of left-yawed and right-yawed microgrooves arranged in an alternating manner, see Fig. 1 . Due to 10 their potential for reducing surface friction drag 1 and suppressing flow separation, 2,3 C-D riblets have attracted considerable research attentions in the recent few years. [4] [5] [6] [7] [8] [9] Similar to the patterns of spanwise alternating rough/smooth strips 10, 11 or longitudinal elevated/lower surfaces, [12] [13] [14] C-D riblets are a type of surface patterns with spanwise heterogeneity, which are capable of generating a secondary flow in the boundary layers. A summary of the published work on C-D riblets can be 15 found in Xu et al. 7 As a result of the directional orientation of their microgrooves, C-D riblets generate inherently different flow structures in a boundary layer from those produced by longitudinal riblets. [15] [16] [17] [18] [19] [20] [21] While the effect of longitudinal riblets is known to be confined in the vicinity of the riblet surface, C-D riblets are capable of producing a profound modification to the entire boundary layer. [4] [5] [6] [7] Over the 20 diverging region, the streamwise velocity in the near-wall region is increased compared with that in the smooth-wall case, leading to a reduced boundary layer thickness, and the opposite occurs over the converging region. 5, 7, 8 Such a modification to the velocity field has been attributed to the presence of a weak time-averaged secondary flow motion (roll mode) in the cross-stream plane in the boundary layer, whereby an upwelling (downwelling) over the converging (diverging) region 25 is created (see Fig. 1 ). 6, 7 The roll mode is essentially caused by the directional orientation of the yawed microgrooves which results in a surface flow directing from the diverging region to the converging region, as evidenced by the dye visualization experiment conducted by Xu et al. 7 The secondary flow motions created by C-D riblets are also found to radically modify both the time-averaged turbulence characteristics of the boundary layer and the coherent structures. While 30 reduced near-wall turbulence intensity is observed over the diverging region, increased near-wall turbulence intensity is found over the converging region. This is in line with a reduction in the skin friction coefficient over the diverging region and an increase over the converging region as estimated using the modified Clauser technique. 5 Based on single hot-wire measurements across the boundary layer and PIV measurements in the wall-parallel plane located in the logarithmic 35 region, the roll mode seems to have gathered the low-speed fluid and relocated the very-largescale streamwise structures and features with high vortical activities over the converging region of the C-D riblets. 5, 6, 22, 23 With a large field of view PIV measurements in all orthogonal planes, Kevin et al. 9 confirmed that C-D riblets result in formation of large-scale coherent structures over the converging region, which dictate the instantaneous behavior of the roll mode and share some 40 characteristics, such as meandering and breaking, displayed by the superstructures observed in canonical smooth-wall flows.
It is known that a turbulent boundary layer at low Reynolds numbers is populated by horseshoe/hairpin vortices, which are typically composed of either one or two streamwise-oriented legs connected to a spanwise-oriented head whose rotation is of the same sense as the mean shear. 24,25 45 Hairpin vortices are prevalent in the transitional flow and they may not retain a complete hairpin shape in a turbulent boundary layer at a high Reynolds number. 26, 27 In the longitudinal (streamwise wall-normal) plane, the presence of these vortices is manifested by the appearance of 'prograde' spanwise vortices and 'retrograde' spanwise vortices. Prograde vortices, whose rotation is in the same sense as the mean shear, are often associated with strong ejection and sweep events occurring 50 in the lower upstream and upper downstream regions of their vortex centers, respectively. 28 Retrograde spanwise vortices, whose rotations are opposite to the mean shear direction, are believed to be the spatial signatures of bent necks of horseshoe/hairpin vortices. 29 The horseshoe/hairpin vortices are often grouped together in an orderly manner to form vortex packets, resulting in δ-scale coherent structures which are inclined downstream. 24 The superstructures, which have a streamwise length scale substantially larger than the local boundary layer thickness, are observed in the outer region, and their motion is a self-sustained process without drawing energy from the hairpin vortices in the near-wall region. 30, 31 As such, a hierarchy of vortical structures of different scales are observed in a turbulent boundary layer.
Based on the existing studies, as a type of spanwise heterogeneous surface pattern C-D riblets 60 generate a secondary flow motion due to directional arrangement of their microgrooves. This secondary flow subsequently results in a profound difference in the time-averaged flow field in the converging and diverging region and a redistribution of turbulent activities in the spanwise direction. Therefore, the way the coherent structures organize themselves in the converging and diverging region is expected to be distinctly different. 
B. Parameters of convergent-divergent riblets
In the present experiment, C-D riblets were machined on rectangular tiles using 3D (three-115 dimensional) printing technique, as shown in Fig. 3a . The layer thickness and particle diameter were set as 25µm, and black resin was used to reduce the surface reflection of the laser light. These riblet tiles can be inserted into the cavity of the flat plate to form the surface pattern. The riblet section is 500mm in length and 250mm in width. The riblet wavelength (Λ) is 83.33mm, which is 2.55 times of the turbulent boundary layer thickness over the smooth wall (δ s ) at the measurement 120 station. Across the span of the cavity, three riblet wavelengths were accommodated. The yaw angle (γ), which is defined as the angle between the yawed grooves and the freestream direction, is selected as 30 • based on the optimal value proposed by Chen et al. 1 In our experiment, C-D riblets with three different heights (h), i.e., 0.8mm, 1.4mm and 2mm, and the same riblet spacing (s) of 2mm were tested. In all cases, the smooth wall is leveled with the mid height of the riblets.
125
The blockage ratio, i.e., the riblet height to the boundary layer thickness of the smooth wall (h/δ s ), is 2.4%, 4.3% and 6.2% respectively at the measurement station. Over a homogeneous rough-wall surface, the outer-layer similarity is expected to hold for all these three height values (h/δ s ). 37, 38 A flat instead of curved riblet surface was chosen, since the former is easier to machine in future engineering applications. As indicated in Fig. 3b , to ensure durability, the riblets have trapezoidal Fig. 4 ).
Note that the present study and the work by Nugroho et al. 5 investigate the effect of riblet height from two complementary aspects. In our study, the freestream velocity was kept the same In their study, the baseline turbulent boundary layers were different, whilst the ratio h/s remained is a good consistency between our data and the references in the inner layer, some differences exist among these datasets in the wake region of y + > 300. Besides the minor difference in the Reynolds number, some other factors, e.g., differences in the numerical method used to introduce turbulence, numerical discretization scheme and resolution in simulations or the tripping device used to trigger laminar-turbulent transition in the experiments, 43 may also contribute to the dis-205 crepancies observed. Overall, the baseline streamwise velocity profile is in good agreement with the reference profiles. Figure 5 compares our profiles of turbulence intensities of u + rms and v + rms (rms refers to the root mean square) with four reference datasets at similar Reynolds numbers. The outer coordinate is applied here to be consistent with reference datasets. Overall, the profiles of turbulence intensities data 42, 43 than the numerical simulation results. 44, 45 In the region outside the boundary layer, tur-215 bulence intensities of u + rms and v + rms in the present experiment are slightly larger than those in the other studies. We attribute this discrepancy to the slightly higher level of background freestream turbulence in our water flume. with four reference datasets. [42] [43] [44] [45] Despite the general agreement with these reference datasets in 220 the profile shape, the peak value of −u v + is slightly lower in the present experiment. At a low Reynolds number, Erm et al. 43 revealed that the Reynolds shear stress profile is sensitive to the way the tripping device is installed. Thus, the minor variation of −u v + may be attributed to the as proposed by Zhou et al., 47 can be applied to identify the instantaneous spanwise vortices by extracting local swirling motion from the mean shear flow. In the longitudinal plane, the definition of the signed swirling strength is given by
where λ ci is the imaginary part of the complex conjugate eigenvalue of the in-plane velocity gradient tensor, ω z is the in-plane vorticity, and the operator |·| denotes the absolute value. The sign tion technique was first proposed by Wu & Christensen 28 and Natrajan et al. 29 In order to further improve computational efficiency and reduce memory usage, a (breadth-first) vortex recognition algorithm based on a queue data structure is proposed. Compared with the brute force method, this algorithm improves efficiency and reduces computer memory usage by using dynamic data structures. 48, 49 Details of this algorithm are listed below. 255 S1. Scan each point in the instantaneous field to mark the points which exceed the threshold value(s) in terms of the signed swirling strength.
S2. Find a marked point in the field (e.g., the point with the largest λ ci ), then enqueue (i.e., insert the point item at the back of the queue) and unmark it. In our study, the population trends of prograde and retrograde vortices are presented as a function of the wall-normal distance. The population density of prograde (retrograde) vortices is defined as
where N p(r) (y) is the ensemble-averaged number of prograde (retrograde) vortices whose centers 
B. Extraction of spatial correlation features
The vortex packet (hairpin packet), which is composed of a hierarchy of hairpin vortices arranged in an organized manner, can be analyzed using spatial correlations of the instantaneous ve-290 locity fields in the longitudinal plane. The two-dimensional spatial correlation function of streamwise fluctuating velocity fields is defined as
where ∆x is the streamwise separation, y re f is the wall-normal distance at which the correlation is calculated, σ is the standard deviation, and the overline denotes an ensemble average of all PIV snapshots. In the present study, the entire PIV field of view which corresponds to L + ≈ 1000, is taken into 335 account to analyzed features of UMZs, and the non-turbulent regime above the TNTI is excluded.
Our parameter study using all PIV snapshots reveals that, when L > δ s (i.e., L + > 320), the value of L has a negligible effect on the statistical characteristics of UMZs. This result is consistent with the finding of de Silva et al., 34 
A. Velocity and Reynolds shear stress
The effect of C-D riblets is first revealed by the time-averaged streamwise velocity profiles over 
where y d is the zero-plane displacement, ∆U + is the roughness function which represents the vertical shift of the logarithmic region. The friction velocity can be determined by fitting the loga- 
The friction velocity U τ , along with the zero-plane displacement y d , can be estimated by best fitting the time-averaged streamwise velocity with Eq. (5) in the logarithmic region.
The logarithmic region is manually selected using the linear section in Fig. 10a . Figure 10b shows the same profiles of the time-averaged streamwise velocity presented in Fig. 10a, with shift of the velocity profile over the CL and the upward shift over the DL, which indicate an increased drag over the CL and a decreased drag over the DL respectively. The estimated changes of the wall-shear stress (τ w = ρU 2 τ ) are listed in Table II . The changing trend of the local wall-shear stress, i.e., an increase over the CL and a decrease over the DL, is consistent with the previous estimations. 5, 6 The overall wall-shear stress over C-D riblets is not available in the present exper- Townsend's outer-layer similarity hypothesis over C-D riblets, which states
where (U ∞ − U)/U τ is the normalized velocity decay, f (·) is assumed universal in the outer layer regardless of the surface pattern. Figure 11 shows the profiles of velocity decay in the outer region over C-D riblets. It can be clearly seen that the velocity profiles do not overlap in the outer region, 455 which indicates that Townsend's outer-layer similarity is not valid over C-D riblets in the present study. The deviation from the baseline (smooth-wall case) is more severe over the CL than that over the DL. This phenomenon can be attributed to the upwelling over the converging region, hold for other types of spanwise heterogeneous surface patterns, including spanwise alternating roughness strips 61 or surface elevation. 58 Thus, it is likely that the spanwise flow generated over a surface pattern with spanwise heterogeneity undermines the similarity in the outer layer.
In summary, C-D riblets lead to a significant change in the wall-shear stress, with an increase over the CL and a decrease over the DL. The drag variations compared to the smooth-wall case 470 become more pronounced as the riblet height increases. Townsend's outer-layer similarity hypothesis is not valid over C-D riblets in the present study.
C. Population density of spanwise vortices
The population distribution of spanwise vortices is obtained by the recognition and statistical techniques described in Section III A. Figure 12 shows the population density of prograde vor-475 tices (Π p ) and retrograde vortices (Π r ). The population density of prograde vortices is larger than that of retrograde vortices, which can be attributed to the direction of the mean shear. In the tur-bulent boundary layer more prograde vortices which follow the direction of the mean shear are accounted. 24, 28 In general, an increased population density of prograde/retrograde vortices is observed (except for the DL with h + = 8), with a more significant increase over the CL than the 480 DL. The greater population of spanwise vortices over the CL was also qualitatively observed by Kevin et al. 9 Over the CL, the population density of spanwise vortices in the boundary layer increases by more than 50% (more than two times in most of the regions for h + = 20) as compared with the smooth-wall case, implying a significant increase in the turbulence production activities.
Although the identified structures may be affected by the particular choice of structure and iden-485 tification method, it is clear that the intensity of coherent motions over the converging region is These contours indicate a distinct structure which is inclined at a shallow angle in the streamwise 520 direction. 32 For the correlation origin at y/δ s = 0.2, the contour over the C-D riblets extends to a shorter streamwise distance in comparison with that over the smooth wall, and inclines at a steeper (shallower) angle over the CL (DL), as indicated in Fig. 13c (Fig. 13e ). The contour shape with the correlation origin at y/δ s = 0.7 is indicative of the spatial arrangement of vortex packets found in the outer region. 36, 62 The differences in the contour shapes over the CL in Fig. 13d and the smooth 525 wall in Fig. 13b are not significant. Over the DL, the contour in Fig. 13f extends to a shorter streamwise distance and inclines at a steeper angle.
To quantitatively extract the features of vortex packets, the preceding contours are analyzed in increases as its wall-normal station moves away from the wall. Over the CL, the mean UMZ thickness is significantly reduced in the region of y/δ s > 0.2, while in the near-wall region of 615 y/δ s < 0.2 the difference from the smooth-wall case is negligible. The slope of the curves over the CL is significantly lower than that over the smooth wall or the DL. The reduced mean UMZ thickness over the CL in the region of 0.2 < y/δ s < 0.4 helps explain the significantly increased probability oft U MZ /δ s ≈ 0.2 as indicated in Fig. 17a . An increase in the riblet height leads to a more significant decrease in the thickness of UMZs in the region away from the wall over the CL.
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As validated in Fig. 12 , due to the creation of new coherent structures, the population density of spanwise vortices increases significantly over the CL. The reducedt U MZ /δ s over the CL is directly related to the reorganization of these coherent structures. Over the DL, C-D riblets lead to a slight increase in the mean thickness of UMZs compared with the smooth-wall case, which is aligned with the slightly decreased value of N U MZ . number over the CL and a slightly smaller number over the DL, compared with the smooth-wall case. The thickness of UMZs increases as the station moves away from the wall. Compared with the smooth-wall case, UMZs are thinner over CL especially in the area far above the wall, which is attributed to the upwelling and the spatial rearrangement of the newly created coherent structures.
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A greater riblet height results in a more profound modification to the UMZ features over the CL.
Over the DL, the effect of C-D riblet on the thickness of UMZs is not significant. 
V. CONCLUSIONS

